Hepatitis C virus helicase is a molecular motor that splits duplex DNA while actively moving over it. An approximate coarse-grained dynamical description of this protein, including its interactions with DNA and ATP, is constructed. Using such a mechanical model, entire operation cycles of an important protein machine could be followed in structurally resolved dynamical simulations. Ratcheting inchworm translocation and spring-loaded DNA unwinding, suggested by experimental data, were reproduced. Thus, feasibility of coarse-grained simulations, bridging a gap between full molecular dynamics and reduced phenomenological theories of molecular motors, has been demonstrated. molecular machines | elastic-network models | conformational relaxation | mechanochemical motions | nonequilibrium dynamics P rotein machines and, particularly, molecular motors are of fundamental importance for biological cells. Underlying their organized activity are ordered conformational motions driven in proteins by ATP hydrolysis (1). Such cyclic motions are on the scales of milliseconds and thus are too slow to be followed in molecular dynamics (MD) simulations. On the other hand, simple physical modeling in terms of stochastic automata, oscillators, or Brownian ratchets lacks conformational aspects of protein dynamics (2-4). Coarse-grained models of molecular motors, which allow structurally resolved dynamical simulations of entire operation cycles, are therefore needed.
Hepatitis C virus helicase is a molecular motor that splits duplex DNA while actively moving over it. An approximate coarse-grained dynamical description of this protein, including its interactions with DNA and ATP, is constructed. Using such a mechanical model, entire operation cycles of an important protein machine could be followed in structurally resolved dynamical simulations. Ratcheting inchworm translocation and spring-loaded DNA unwinding, suggested by experimental data, were reproduced. Thus, feasibility of coarse-grained simulations, bridging a gap between full molecular dynamics and reduced phenomenological theories of molecular motors, has been demonstrated. molecular machines | elastic-network models | conformational relaxation | mechanochemical motions | nonequilibrium dynamics P rotein machines and, particularly, molecular motors are of fundamental importance for biological cells. Underlying their organized activity are ordered conformational motions driven in proteins by ATP hydrolysis (1) . Such cyclic motions are on the scales of milliseconds and thus are too slow to be followed in molecular dynamics (MD) simulations. On the other hand, simple physical modeling in terms of stochastic automata, oscillators, or Brownian ratchets lacks conformational aspects of protein dynamics (2) (3) (4) . Coarse-grained models of molecular motors, which allow structurally resolved dynamical simulations of entire operation cycles, are therefore needed.
In the last decade, coarse-grained descriptions of proteins, based on elastic-network models (ENM), have been proposed and investigated (5) (6) (7) (8) (9) . In such models, each residue is usually considered as a single particle. The particles interact via elastic potentials, introduced in such a way that the minimum of elastic energy for a network is reached for a configuration coinciding with the known equilibrium conformation of the considered protein. Despite their high simplicity, ENM are able to correctly predict conformational changes induced by ligand binding. Such network models have also been used to describe conformational relaxation (10, 11) and functional mechanochemical motions in motor proteins (10, 12) . Moreover, coarse-grained descriptions of DNA molecules, modeling them as semiflexible elastic polymers, are broadly used (13) (14) (15) . Here, we show that entire operation cycles of a protein motor, involving its interactions with DNA, can be computationally traced by combining the elastic-network relaxation description for a protein with the elastic polymer description for DNA.
Hepatitis C virus (HCV) helicase is a motor protein that, translocating itself, unwinds duplex RNA or DNA (see review in ref. 16 ). Experimental and theoretical investigations of this motor, representative for a broad class of helicases (17) , have been performed (18) (19) (20) (21) (22) (23) (24) (25) (26) (27) . Experimental data suggest that ratcheting inchworm translocation (19, 27, 28) and spring-loaded DNA unwinding (26) constitute the principal mechanism of its operation. The elasticnetwork description for HCV helicase has previously been considered (25) .
Analyzing conformational relaxation processes in HCV helicase, we have found that, like other motor proteins (10, 12) , it is able to perform well-defined conformational motions, robust against perturbations. Such motions are functional: They can bring into contact two motor domains of HCV helicase, thus making ATP hydrolysis possible. Additionally, they lead to conformational changes in the DNA binding cleft that are essential for translocation.
To simulate complete operation cycles of HCV helicase, interactions with DNA and ATP had to be further included into the dynamical description. DNA strands were modeled by us as elastic chains of identical beads; two strands were bridged by deformable links that could get broken if strong enough forces were applied. Links between DNA and motor domains of HCV helicase could be established and removed, depending on the configuration dynamics. Chemical details of ATP binding and hydrolysis were neglected in this coarse-grained description. The ATP was roughly modeled as one (fictitious) ligand particle that was placed into the actual ATP binding pocket, forming several stretched elastic links with the neighboring residues. The hydrolysis reaction and product release were approximately taken into account, assuming that a change in the ligand particle occurred, leading to the disappearance of all links connecting it to the protein.
With such simplifications, we could trace in numerical simulations the consequent cycles of the molecular motor and observe its active translocation along the DNA strand, leading to DNA unzipping. Fig. 1 shows the ribbon representation of HCV helicase together with the constructed elastic network of this protein. Motor domains I and II translocate along the DNA strand, indicated in the ribbon structure. The ATP binding pocket is located on the right side of the motor domain I. On the left side of domain II, an important atomic group is present: Only when this atomic group comes into contact with ATP is the hydrolysis reaction possible (19) . Thus, to allow ATP hydrolysis, conformational motions bringing together domains I and II are needed. In the elastic network, each (point-like) particle corresponds to a residue. Two particles are connected by an elastic string if the distance between the residues in the experimentally known equilibrium conformation is sufficiently small. All particles and all links in the network are physically identical. See Materials and Methods for a detailed description.
Results
Through MD simulations, it has been previously demonstrated that already on the scales of tens of picoseconds the inertial effects are negligible and conformational motions become purely relaxational (29) . In our study, we consider even much slower motions (with the characteristic time scale of milliseconds) where damped relaxation dynamics should definitely take place. Neglecting hydrodynamical effects and thermal fluctuations, conformational motions of the considered mechanical model represent therefore relaxation processes bringing the system to the state with the minimal possible elastic energy. It should be stressed that only elastic motions, which are not accompanied by breaking or creation of the links, can be considered within the chosen description; protein folding and unfolding are excluded here.
To probe relaxation dynamics, equations of motion were numerically integrated starting from various initial deformations of the elastic network. Similar to previous publications (10, 12), we used three labels, each attached to a different protein domain, to visualize relaxation dynamics (Fig. 1B) . Each relaxation process yields a trajectory in the plane of normalized distance changes between labels 1 and 2 or 2 and 3 (see Fig. 2A and Materials and Methods); the equilibrium state of the protein corresponds to the origin of coordinates.
Gray trajectories in Fig. 2A display relaxation processes starting from initial deformations obtained by applying random static forcing to all network nodes (see SI Text for details). As observed, relaxation is rapidly funneled into a definite conformational path, indicating that the elastic energy landscape of this protein has a deep narrow valley leading to the equilibrium state*. Thus, the protein tends to produce the same well-defined kind of conformational motions in response to different initial perturbations. Red trajectories in Fig. 2A are for the relaxation processes where initial states were constructed by applying only deformations localized in the ATP binding pocket (cf. Fig. 1A and SI Text). One can clearly see that local perturbations in this region are inducing the same generic, well-defined conformational motions.
When ATP arrives, its interactions with the protein lead to the appearance of some local deformations in the ATP pocket region. In the framework of the normal mode analysis, it has been previously shown that, by applying an experimentally recorded pattern of local ATP-induced deformations (taken, however, from a different protein, bovine F1-ATPase), conformational changes, which are similar to those described above, become induced (25) . In the coarse-grained elastic-network model with residues replaced by single particles, chemical structure of ATP and details of its interactions with the residues cannot be fully accounted. Our above results suggest that such details are not actually important when ligand-induced mechanochemical motions are considered.
With this observation, we proceeded further in the dynamical description. To remain at the coarse-grained description level, ligand binding was imitated in our model by placing an additional substrate particle into the ATP binding pocket. The new particle was connected by four links to the neighboring network nodes (see Fig. S1 ). These elastic links were stretched (i.e., their length was longer than the natural length), and thus energy was supplied into the system. Initially localized only in the four new links, deformations spread over the network and induced motor domain motions. These motions represented conformational relaxation processes of the network-ligand complex. They were finished when the equilibrium state of the complex was reached. A reaction converting ATP into ADP and phosphate should take place when the gap is closed and atomic groups on the left side of domain II come into contact with ATP (16) . After that, the products should be released. These chemical processes cannot be resolved in the considered coarse-grained approach. However, we could still roughly imitate them in our model. To do this, we assumed that, as the equilibrium state of the network-ligand complex is approached, the nature of the ligand becomes changed. It gets converted from the substrate to the product particle. In contrast to the substrate, the product particle has no interactions with the protein. Thus, the links connecting the ligand to the network disappear once the conversion has taken place, and the product is released. After the release of the product particle, the free network finds itself in a conformation different from its true equilibrium state. Hence, the reverse conformational relaxation process should begin. In this process, corresponding to the trajectory Q → P in Fig. 2B , the motor domain II moves back away from the domain I, restoring the initial configuration (the cyclic mechanochemical motions can be seen in Movie S1).
It is known that, as a result of ATP binding and hydrolysis, two motor domains translocate along the single DNA strand. To describe such a process, interactions between the protein and the DNA strand had to be included into the model. The DNA strand was modeled as a semiflexible polymer chain with identical particles (beads); see Materials and Methods. The beads could form additional elastic links with the neighboring residues (i.e., network nodes), taking into account in a simple phenomenological way the local DNA-protein interactions. These interactions depended on the actual protein configuration.
Comparing protein conformations in its equilibrium ligandfree and ligand-bound states (Fig. 2C) , a significant difference, best seen in the side view in Fig. 2C , can be noticed. The two motor domains have roughly the shapes of claws that can grasp the DNA strand. In the equilibrium ligand-free state P, the claw of the left domain I is moved down toward the DNA, domains I, II, and III are colored as orange, blue, and silver. Three particles 1, 2, and 3, corresponding to residues Thr269, Thr411, and Trp501, are chosen as labels. Distances between them (i.e., lengths of the green lines) are used for visualization of conformational motions.
*Thermal fluctuations and uphill conformational motions are not included into the present model. We note, however, that, once allowed, they would proceed along the narrow valleys identified, and their trajectories would be the same.
whereas the claw of the right domain II is lifted. In contrast to this, in the equilibrium ligand-bound state Q the left claw is lifted and the right claw is moved down (Fig. 2C) . Thus, the DNA strand may be held by the left domain I without the ligand and by the right domain II when the ligand is present.
Interactions between DNA and the protein are complicated, and structural details of the DNA and the protein are important in order to determine them accurately. This lies, however, beyond the resolution level of the current coarse-grained description. In our rough model, we could only phenomenologically imitate such interactions. To do this, we assumed that elastic links could be established between specific particles (residues) in the cleft regions of two motor domains and the beads (nucleotides) forming the polymer chain. Such additional links were established or disappeared depending on the ligand presence (see Materials and Methods).
With this model extension, the translocation cycle of HCV helicase could be reproduced in our simulations (see Fig. 3 and Movie 2). In the equilibrium ligand-free state, the DNA is attached by a link to the left domain I. Ligand binding induces a quick lift of the claw formed by domain I, whereas the link attaching DNA to domain I disappears. At the same time, the claw of domain II moves down and a link attaching DNA to this domain becomes formed. After that, slower relative motion of domain II toward domain I, while grasping the DNA strand, takes place. When the new equilibrium (of the ligand-network complex) is reached, the ligand disappears. Now, the grip is changed. The left domain I moves down to DNA and a link attaching it to one of the polymer beads is established. The right domain moves up and the link between it and the DNA strand disappears. Then, domain II slowly returns to its position, but without carrying with it the DNA strand. After each ligand-binding and ligand-release cycle, the protein returns to its initial conformation, but it becomes translocated by one nucleotide along the DNA strand.
The model was further extended to incorporate DNA unzipping (Fig. 4 and Movie S3). Here, the lower DNA strand was modeled as a semiflexible polymer chain bridged by deformable links to the upper strand. Such links become broken, if stretched above a limit (see Materials and Methods). As the motor domains I and II repeatedly translocate over the upper strand, they pull domain III into the space between two DNA strands. Thus, the force tearing apart the two strands is generated. As it is built up, stress gets accumulated in the links bridging the strands and, eventually, one bridge gets broken, unzipping the DNA by a base pair.
Discussion
Simplified descriptions for the protein, the DNA, and for the interactions between them and with the ATP ligand have been used in our study. The protein was modeled as a network of identical particles connected by identical elastic links. DNA was also described as an elastic chain of identical beads. Interactions between the protein and DNA were phenomenologically incorporated into the model, assuming that elastic links connecting one of the network particles and a bead in the chain are established or broken. Finally, binding of ATP, hydrolysis, and release of the products were only roughly accounted for, by assuming that a fictitious substrate ligand particle gets bound to the network and is converted into the product, which is then immediately released. Thermal fluctuations and hydrodynamical interactions were neglected here. It is therefore remarkable that even such a simple model could reproduce, in a structurally resolved manner, principal operation of HCV helicase and allowed us to trace entire cycles of this molecular machine. In the simulations, inchworm translocation and spring-loaded DNA unwinding, previously proposed, based on the experimental data, as the operation mechanism of HCV helicase (19, 26) , have been reproduced. Our results are in agreement with the experiments by Gu and Rice (27) , where conformational snapshots along the cycle of HCV helicase could be obtained.
HCV helicase, as a virus protein, is subject to strong genetic variability. Proofreading and error correction mechanisms are not employed by viruses and, generally, all copies of their proteins are different. Despite strong variations, the function of a protein must be maintained if this is crucial for virus reproduction. Extreme functional robustness should be characteristic for the molecular motors of viruses.
Currently, two principal operation mechanisms are being discussed for protein motors. They can either work similarly to macroscopic mechanical machines, performing ordered activated internal motions, or work as Brownian ratchets and employ fluctuations. Stochastic ratchets can be energetically more efficient and, if the efficient use of energy is of crucial importance, they would probably be preferred by Nature. Indeed, there are experimental indications that myosin motors of a cell act as Brownian ratchets (30) . For viruses, energetic efficiency should not, however, play an important role. Instead, evolutionary pressure should be driving toward the development of virus motors with high robustness against structural perturbations.
In the investigations of HCV helicase, a number of conserved motifs, i.e., of the residues whose presence is essential for virus replication, have been previously identified (18, 19, 31) . In our phenomenological modeling of interactions between DNA and the protein and in the description of ligand binding, these known conserved motifs were always chosen (see Materials and Methods). Furthermore, we have also performed a preliminary analysis (to be published separately) of structural robustness and could see that the operation of this molecular machine was not sensitive to local changes in its structure.
In the present study, our aim was to demonstrate that structurally resolved coarse-grained descriptions of the operation of molecular motors are feasible. Unwinding of DNA in bursts comprising several base pairs was experimentally observed (23, 26), whereas unwinding by only one pair in each cycle has been seen in our simulations. It is, however, plausible that, by tuning the parameters, gradual accumulation of strains and subsequent breaking of a group of links can also be reproduced. Thermal conformational fluctuations and interactions with the solvent can be incorporated into the elastic-network description (see, e.g., ref. 32). As a coarse-grained approach, it cannot, however, resolve chemical details that are important to correctly model processes of ligand binding or dissociation and protein-DNA interactions. In the future, a combination of elastic-network modeling with full molecular dynamics simulations may need to be undertaken.
Our study has been focused on conformational aspects. Physical processes of ATP binding, its hydrolysis, and products release were not considered, and their effects were only imitated here. In our simulations of machine cycles, the next cycle started immediately once the previous cycle had been completed. Thermal fluctuations, allowing uphill conformational motions, were not included into the description. Moreover, reverse processes of product binding, of its back conversion into the substrate, and of substrate dissociation were all neglected. Thus, the considered mechanism was irreversible; it corresponds to an idealized situation where substrate is supplied in abundance and products are instantaneously removed.
The overall direction of any catalytic reaction, including that of ATP hydrolysis by HCV helicase, is determined by difference in chemical potentials of its substrate and products. At equilibrium inside a closed volume, the chemical potentials are equal and directionality disappears. On the other hand, if the chemical potential of the products is maintained higher than that of the substrate, reverse catalytic events should prevail, so that, on the average, the same reaction would proceed in the opposite direction. The directionality issues in the operation of HCV helicase, involving mass action, should be a subject of separate investigations.
Materials and Methods
Construction of the Network. To construct the elastic network of HCV helicase we have used the apo structure of the protein (18) deposited in the RCSB Protein Data Bank (PDB ID code 1HEI). The PDB provides two independent sets, and we have chosen chain A because it yields more complete structural information (N ¼ 443 residues). Using these data, the elastic network has been constructed by treating each amino acid (the entire residue) as a single site represented by a point-like particle. Each particle is placed at the equilibrium position of the α-carbon atom in the main chain of the respective residue, denoted by~R Relaxation Dynamics. Conformational dynamics of the protein is determined by a set of differential equations. For each particle, the equation of motion is d~R i ∕dt ¼ −Γ∂U∕∂~R i . Here, d~R i ∕dt is the velocity of the particle i at time t and Γ is its mobility, the same for all particles. These equations correspond to the overdamped limit valid at low Reynolds numbers with hydrodynamical interactions neglected. The system of dynamical equations reads as
These equations describe conformational relaxation as downhill motion in the elastic energy landscape. The Hooke forces acting on the particles depend linearly on deformations of the springs. However, because distances Modeling of Interactions with ATP and Its Hydrolysis. Interactions of proteins with energy-bringing ATP molecules rely on complex chemical processes that cannot be resolved in our purely mechanical model. In consistence with the coarse-grained descriptions of protein dynamics, we only roughly emulated interactions with ATP through the introduction and removal of an additional particle (a fictitious ligand). In our model, binding of an ATP molecule was mimicked by placing the ligand into the ATP binding region of domain I, in the vicinity of the conserved motifs Walker A and Walker B. Under binding, the ligand creates four new elastic links to the particles (residues) from the conserved motifs. Such links are initially deformed (stretched). The energy of the network-ligand complex is U complex ¼ ðκ∕2Þ∑ i<j A ij ðd ij − d ð0Þ ij Þ 2 þ ðκ∕2Þ∑ i¼c1 ;c2 ;c3 ;c4 ðd i;Nþ1 − l nat Þ 2 . The first term is the elastic energy of the free network and the second term is the energy of ligand-network interactions. Here, c 1 ;…;c 4 are indices of the particles to which the ligand (index N þ 1) is bound and l nat are their common natural lengths. To roughly take into account the hydrolysis reaction and products release, we assumed that, when the equilibrium state of the complex is reached, the links connecting the ligand to the network disappear and the ligand is thus released. Further details are provided in the SI Text.
Single DNA Strand. To demonstrate how ligand-induced cyclic motions of two motor domains can lead to translocation of HCV helicase along DNA, we have combined the elastic-network description for the protein with the semiflexible polymer modeling for the DNA. A single strand of DNA was modeled as a semiflexible chain of M monomers (beads), where each bead represented a nucleotide and was connected to its neighboring beads by flexible links (see Fig. S3 ). The total elastic energy of the chain representing the stiff sugar-phosphate backbone of DNA is
[2]
The first term, a harmonic bonding potential, takes into account elastic deformations of the links in the chain. Here~r i is the position vector of bead i, σ is the native length of the links, and k el is the stiffness constant, representing the stiff sugar-phosphate backbone of DNA. The second term is the elastic bending energy of the chain, with θ i being the angle between two adjacent links in the chain and k bend being the bending stiffness constant. The angle is defined as
The overdamped relaxational motion of the beads is described by differential equations d~r i ∕dt ¼ −γ∂U sDNA ∕∂~r i . For simplicity, we assumed that beads of the DNA had the same mobility as the particles forming the network, γ ¼ Γ. In our simulations, numerical values k el ∕κ ¼ 20 and k bend ∕κ ¼ 15 Å 2 were used, so that the DNA chain was much stiffer than the elastic network of the protein. We have chosen σ ¼ 6.5 Å.
Duplex DNA. The duplex DNA consists of two strands with additional links that bridge opposite beads (see Fig. S4 ). Its total energy is the sum of the energies of the two strands and of the interaction potential, U dDNA ¼ U [5]
The Morse potential becomes flat if the elongation of a bridge link is much larger than the characteristic length 1∕a. Thus, the force disappears and the link becomes effectively broken. This allows us to model DNA unzipping processes. In simulations, numerical values a ¼ 4. Interactions with DNA. To model translocation, the single DNA chain was placed into the binding cleft. With σ ¼ 6.5 Å, the separation by three nucleotides in the DNA strand agreed with the distance between the residues Thr269 of domain I and Thr411 of domain II, which are known to make contacts with DNA (19) . During the ligand-induced cycle, interactions between motor domains of the protein and the DNA backbone have been roughly taken into account by introducing elastic orientation-dependent interactions (links) between one of these two residues in the motor domains and a bead in the DNA chain. Such links could be established or broken, controlled by ligand binding or detachment. Further details are provided in SI Text.
Separation of Duplex DNA. As the two motor domains translocate themselves along the upper strand of DNA, domain III becomes dragged into the space between the two strands. DNA cannot penetrate into the protein, and therefore the lower DNA strand should provide a barrier for the motion of helicase domain III. Actual interactions between DNA and the protein are complicated. They cannot be resolved in our coarse-grained description, and we take them only phenomenologically into account, by introducing repulsive interactions between the protein and the DNA strand. Further details are provided in SI Text.
